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Staphylococcus aureus was recently shown to be internalized by and to induce apoptosis in a bovine mammary
epithelial cell line, suggesting that these processes could be involved in staphylococcal pathogenesis or
persistence. To examine the role of virulence factor regulators during internalization, mutant agr and sar
strains of S. aureus were analyzed for their abilities to enter and induce apoptosis in epithelial cells. Like a
previously characterized bovine mastitis isolate, the standard laboratory strain, RN6390 (wild type), entered
the epithelial cells and subsequently induced apoptosis. In contrast, the mutant strains RN6911 (agr), ALC136
(sar), and ALC135 (agr sar) were internalized by the cultured cells at levels reproducibly greater than that for
RN6390 but failed to induce apoptosis. The internalization of S. aureus was affected by growth phase, suggest-
ing a role for agr-regulated surface proteins in this process. Furthermore, the ability to induce apoptosis
required metabolically active intracellular bacteria. These data indicate that the ability of S. aureus to enter
mammalian cells and induce apoptosis is dependent on factors regulated by Agr and Sar. Since transcriptional
control by these global regulators is mediated by quorum-sensing and environmental factors, staphylococci
may have the potential to induce several alternative effects on cells from an intracellular environment. A model
for the function of the agr locus in the context of internalization, intracellular persistence, and dissemination
is proposed.

Staphylococcus aureus has remained a persistent pathogen
that causes serious community-acquired and nosocomial infec-
tions throughout the world. The diseases associated with S.
aureus are diverse, ranging from minor wound infections to
more serious diseases, including endocarditis, osteomyelitis,
and septic shock. Although some S. aureus infections are com-
municable, persistence of the organism on mucosal surfaces
(e.g., vagina or upper respiratory tract) in a high percentage of
the population provides a substantial source for endogenously
acquired infections. In such cases, the organism is largely op-
portunistic but may be capable of inducing inflammatory (ab-
scess) or toxigenic (toxic shock syndrome) infections. This
threat is compounded by the appearance of methicillin-resis-
tant S. aureus (MRSA) strains in the 1970s and the rapidly
increasing frequency of MRSA strains in recent years. Because
of the propensity of MRSA strains to be resistant to multiple
antibiotics, the last line of defense has been the use of the
glycopeptide antibiotic vancomycin. However, the recent
emergence of S. aureus isolates that exhibit intermediate-level
vancomycin resistance has underscored the urgent need to
understand the regulation of events that occur during persis-
tence compared to events required for the development of
staphylococcal disease.

Hamill et al. (4) established that S. aureus internalizes and
survives within nonprofessional phagocytes such as bovine aor-
tic endothelial cells. Several reports subsequent to this con-
firmed that S. aureus can internalize and survive in a wide
variety of mammalian cells (1, 2, 5, 19). Based on these results,
it was proposed that the intracellular survival of S. aureus plays
an important role in staphylococcal persistence and chronic

staphylococcal disease (2, 5, 19). Furthermore, the ability to
form small colony variants (SCVs), metabolically inactive
forms of S. aureus, may be an important aspect of intracellular
survival that promotes the development of persistent staphy-
lococcal infections and resistance to antibiotics (16).

Recently, much progress has been made in our understand-
ing of the regulation of staphylococcal virulence factors
through an extensive study of the virulence gene regulators
Agr and Sar (17). The agr locus encodes an elaborate quorum-
sensing system that was hypothesized to differentially regulate
the expression of cell wall-associated proteins and secreted
exoproteins in response to the density of the bacterial popu-
lation (7). The proposed function of this regulatory system is to
enhance the production of cell wall-associated attachment (fi-
bronectin- and collagen-binding proteins) and potential defen-
sive factors (protein A) during the early stages of infection,
followed by the expression of invasive factors (hemolysins,
proteases, and lipases, etc.) once the infection is established.
The sar locus, which is required for the expression of agr,
provides an additional level of virulence factor regulation in
response to signals that have yet to be defined.

In this study, the effects of the agr and sar regulatory loci on
the ability of S. aureus to be internalized, survive, and induce
apoptosis in cultured bovine mammary epithelial cells was ex-
amined. Although the agr and sar mutant strains reached
higher intracellular concentrations compared to those of the
wild-type cells, S. aureus-induced apoptosis was undetectable
in MAC-T cells infected with these mutant strains. These data
indicate that the ability of S. aureus to induce apoptosis is
mediated by agr- and sar-dependent factors.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The S. aureus strains RN6390 (wild
type), RN6911 (agr) (8), ALC136 (sar), and ALC135 (agr sar) (3) used in this
study were kindly provided by Ambrose Cheung (Rockefeller University, New
York, N.Y.). Prior to each experiment, bacteria in a single colony on a Todd
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Hewitt (TH; Difco Laboratories, Detroit, Mich.) agar plate were inoculated into
4 ml of TH broth (containing appropriate antibiotics for the mutant strains) and
incubated at 37°C with vigorous shaking for 6 to 8 h. From these cultures, 100 ml
was transferred into 10 ml of TH broth and typically incubated overnight (16 h)
at 37°C with vigorous shaking. The bacterial cells were collected by centrifuga-
tion, washed three times with sterile phosphate-buffered saline (PBS [pH 7.2]),
and resuspended in 10 ml of invasion medium (see below) to give stock cell
suspensions with a density of approximately 1010 CFU/ml. Dilutions of these
stock suspensions were used to inoculate the MAC-T cell monolayers at a
multiplicity of infection ranging from approximately 0.1 to 100.

In some experiments, properties of exponential- and stationary-phase S. aureus
cultures were compared. To prepare exponential phase cells, 100 ml of the
overnight culture was transferred into 10 ml of TH broth and incubated until
mid-exponential growth was achieved (125 Klett units; approximately 2 h at 37°C
with vigorous shaking). Exponential-phase and stationary-phase cells were then
centrifuged at 4°C, and the pellets were washed three times in ice-cold sterile
PBS. The pellets of both cultures were adjusted to 125 Klett units by resuspend-
ing in ice-cold invasion medium. Cultures were kept on ice for a short period of
time prior to use in experiments. Bacterial cell surface proteins were maintained
under conditions representative of their growth phase (exponential or stationary)
during the initial 2-h incubation of the invasion assay (see below) by adding
rifampin to the media (5 mg/ml).

Cell culture. An established bovine mammary epithelial cell line, designated
MAC-T (6), was used for all experiments. The MAC-T cell growth medium was
Dulbecco’s modified Eagle’s medium (Gibco BRL, Grand Island, N.Y.) with
10% heat-inactivated fetal bovine serum (HyClone, Logan, Utah), 5 mg of insu-
lin/ml, 1 mg of hydrocortisone/ml, 44 mM NaHCO3 (Sigma, St. Louis, Mo.), 100
U of penicillin G/ml, and 100 mg of streptomycin sulfate (Gibco BRL)/ml. Prior
to each experiment, cells were seeded at 6 3 104 cells/well in 24-well tissue
culture plates (Costar, Cambridge, Mass.) and grown for 3 days at 37°C with 6%
CO2.

Invasion assay. Approximately 16 h prior to each experiment, the MAC-T cell
growth medium was replaced with 1 ml of invasion medium (growth medium
without antibiotics or fetal bovine serum). On the day of the experiment, MAC-T
cell monolayers were washed once and then infected by coculturing with washed
S. aureus cells resuspended in fresh invasion medium (1 ml). After 2 h (37°C with
6% CO2), supernatants of the cocultures were replaced with 1 ml of invasion
medium containing 100 mg of gentamicin (Sigma). Incubation of cocultures with
gentamicin proceeded for an additional 3 h at 37°C with 6% CO2. In control
experiments, no bacteria survived treatment with gentamicin in the absence of
MAC-T cells. Supernatants of the cocultures were then discarded, and the
monolayers were washed three times with sterile PBS, treated for 5 min at 37°C
with 100 ml of 0.25% trypsin (Sigma) in Hanks balanced salt solution (Gibco
BRL), and lysed by the addition of 900 ml of 0.025% Triton X-100 (U.S. Bio-
chemical, Cleveland, Ohio) in sterile distilled water. Cell lysates were serially
diluted 10-fold and plated in triplicate on TH agar plates to quantify intracellular
bacteria. Time course experiments were performed in the same manner, except
that the length of incubation after the addition of gentamicin varied.

Rifampin was used to assess the requirement of metabolically active intracel-
lular bacteria to induce apoptosis in MAC-T cells. Rifampin is a bacteriostatic
antibiotic that inhibits prokaryotic RNA transcription and readily penetrates
eukaryotic membranes (9, 12). After the 2-h invasion period described above,
supernatants of the cocultures were replaced with 1 ml of invasion medium
containing 5.0 mg of rifampin (Sigma) and 100 mg of gentamicin (Sigma). Incu-
bation of the infected MAC-T cells continued for 22 h at 37°C with 6% CO2, and
samples were collected for DNA extraction as described below.

Assessment of apoptosis. Apoptosis in MAC-T cells was monitored by two
methods: (i) DNA laddering and (ii) an assessment of morphological changes in
the cells. Evaluation of DNA laddering in infected MAC-T cells was done by
collecting coculture supernatants and corresponding monolayers into a single
sample. The DNA was extracted twice with an equal volume of phenol-chloro-
form-isoamyl alcohol (25:24:1 [vol/vol/vol]), followed by extraction with an equal
volume of chloroform-isoamyl alcohol (24:1 [vol/vol]). DNA in the aqueous
phase was precipitated overnight at 220°C with a 1/10 volume of 3 M sodium
acetate (pH 5.1), MgCl2 to 2 mM, and 2 volumes of 100% ethanol. DNA was
harvested by centrifugation, and the pellet was washed once with 70% ethanol,
dried, resuspended in sterile water, and treated with 20 mg of DNase-free RNase
A (Sigma) per ml for 30 min at 37°C. DNA samples were resolved by electro-
phoresis at 5 V/cm in 1.8% agarose, stained with ethidium bromide, and visual-
ized with UV light. A 100-bp DNA ladder (Gibco BRL) was used to size the
DNA fragments.

Morphological changes to MAC-T cell monolayers during internalization by S.
aureus were assessed visually with an inverted microscope (model IM; Olympus
America Inc., Melville, N.Y.) equipped with a C-35AD camera (Olympus Amer-
ica Inc.).

RESULTS

Internalization of regulatory mutant strains. A recent study
(2) demonstrated that an S. aureus bovine mastitis isolate was
internalized by and induced apoptosis in an established bovine

mammary epithelial cell line, designated MAC-T. The ability
to induce apoptosis was hypothesized (2) to be mediated by
one or more of the agr and/or sar-regulated virulence factors
produced by S. aureus. To study the potential effects of agr
and/or sar on staphylococcal internalization and apoptosis, the
degrees of internalization by MAC-T cells of S. aureus RN6390
(wild type), RN6911 (agr), ALC136 (sar), and ALC135 (agr
sar) were compared. MAC-T cell monolayers were infected
with increasing doses of each strain; after 2 h, monolayers were
washed and incubation of cocultures with gentamicin pro-
ceeded for an additional 3 h. As shown in Fig. 1, each strain
was able to enter the MAC-T cells in a dose-dependent man-
ner, demonstrating that these common laboratory strains, like
the previously characterized Novel strain (2), were also capa-
ble of being internalized. However, each of the mutant strains
reproducibly yielded two- to threefold higher numbers of via-
ble cells recovered from the MAC-T cells compared to the wild
type at all dosages tested, suggesting either that they were
internalized in greater numbers or that they had increased
intracellular survival compared to the parental strain, RN6390.

To examine the ability of the different strains to persist
within the MAC-T cells, the intracellular viability of the bac-
teria was determined over a period of 72 h. Interestingly, the
viability of these bacteria within MAC-T cells was also shown
to be strain dependent (Fig. 2). Although the number of viable
RN6390 cells initially increased almost twofold within the first
10 h (from 4.8 3 105 to 7.6 3 105), the viability of this strain
eventually (after 72 h) declined to approximately 0.001% of the
original inoculum. This was presumably the result of initial
growth of the organism and then subsequent killing due to
entry of gentamicin through hemolysin-damaged MAC-T cell
membranes. Unlike RN6390, the mutant strains did not exhibit
an early increase in viable cell numbers but began to decline in
cell numbers immediately after infection. Despite a lack of any
apparent intracellular multiplication, the MAC-T cells infected
with RN6911 (agr) and ALC135 (agr sar) yielded higher overall
S. aureus survival rates (1.7 and 0.16%, respectively) than
RN6390 (wild type) after 72 h. In contrast, although the num-
ber of viable ALC136 cells did not initially increase, the low

FIG. 1. Effects of agr and sar on invasion. A dose response invasion assay was
performed by infecting MAC-T cell monolayers for 2 h with increasing numbers
of S. aureus cells so that the multiplicity of infection (MOI) was altered within the
ranges indicated. The monolayers were then washed, and incubation of cocul-
tures proceeded in the presence of gentamicin to kill extracellular bacteria.
Strains RN6390 (wild type [wt]), RN6911 (agr), ALC136 (sar), and ALC135 (agr
sar) were used. Error bars represent the means 6 the standard errors of the
means.
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level persistence of ALC136 (sar) in the MAC-T cells was
similar to that of RN6390 (0.002% survival after 72 h).

Growth-phase-dependent internalization. Previous studies
have demonstrated that S. aureus cell surface proteins are
required for tissue-specific adherence (14). Most genes encod-
ing these surface proteins are expressed maximally in the early
to mid-exponential phase of growth and are down-regulated by
Agr late in the growth cycle (17). Thus, given the effect of the
agr mutation on internalization shown in Fig. 1, we hypothe-
sized that the stage of growth could have a dramatic effect on
the ability of S. aureus to adhere to and therefore to enter
MAC-T cells. To test this hypothesis, standard invasion assays
were performed to compare exponentially growing and station-
ary-phase S. aureus RN6390 cells. To maintain bacterial cell
surface proteins in a static state representative of their current
phase of growth (exponential or stationary), rifampin and bac-
teria were added simultaneously to some of the culture wells
and then cocultured for 2 h. In the presence of rifampin, the
exponential-phase cells yielded 1.7 3 106 intracellular survi-
vors compared to 4.7 3 102 with the stationary-phase cells (Fig.
3), a 3,600-fold difference. In the absence of rifampin, expo-
nential- and stationary-phase cells yielded similar numbers of
survivors (8.4 3 105 and 5.6 3 105, respectively), indicating
that the stationary-phase cells had probably reestablished ex-
ponential growth and expression of cell surface proteins after
dilution into tissue culture medium. These data indicate that
the stage of growth is crucial for optimal internalization of the
bacteria.

Light microscopy. In addition to differences in the numbers
of bacteria recovered in the invasion assays, dramatic differ-
ences in the abilities of these strains to induce morphological
changes in the MAC-T cells were also observed (Fig. 4). While
the parental strain, RN6390 (Fig. 4B), induced morphological
changes in the MAC-T cells after 24 h (shrinking, rounding
and detachment of the cells, and densely mottled cell mem-
branes), MAC-T cells infected with RN6911 or ALC135 (Fig.
4C and D, respectively) appeared similar to the uninfected
control (Fig. 4A). The sar mutant strain, ALC136, induced
dramatic morphological changes in which the infected MAC-T
cells appeared larger and exhibited less densely mottled cell
membranes than the parental strain (Fig. 4E). All of our ob-
servations indicated that there was a gradual change in cell

morphology, with approximately 24 h being the optimal time to
observe the morphological features induced by S. aureus infec-
tion. These visual differences could reflect the fact that the agr
and agr sar mutant strains do not express hemolysins, enzymes,
and other cytotoxic molecules, whereas the sar mutant ex-
presses various levels of these proteins (reference 3; see Dis-
cussion). The apparent cytotoxic differences observed in the
MAC-T cell morphology are consistent with the differences in
persistence shown in Fig. 2.

Induction of apoptosis. The morphological changes ob-
served in MAC-T cells infected with RN6390 and ALC136
were similar to features that were previously found to be as-
sociated with apoptosis (2). To assess whether internalization
of the wild-type and mutant S. aureus strains induced apopto-
sis, DNA was isolated from the infected MAC-T cells and
resolved in a 1.8% agarose gel. As shown in Fig. 5, DNA
isolated from the RN6390-infected MAC-T cells (Fig. 5, lane
3) exhibited chromosomal DNA laddering in increments of 180
bp, which is characteristic of apoptotic cells (10, 15, 20). In
contrast, genomic DNA from MAC-T cells infected with any of
the three mutant strains appeared intact and migrated as a
single large-molecular-weight band with no evidence of the
180-bp DNA laddering. Thus, the ability of S. aureus to induce
apoptosis is a characteristic of the common laboratory strain,
RN6390, and is dependent on an Agr- and Sar-regulated fac-
tor(s).

To determine whether the ability of S. aureus to induce
apoptosis was dependent on growth and/or gene expression
once the bacteria had been internalized, rifampin was added to
RN6390-infected MAC-T cells after the 2-h internalization
period to inhibit intracellular bacterial RNA transcription. As
shown in Fig. 5B, treatment with rifampin inhibited the induc-
tion of apoptosis, as evidenced by the lack of MAC-T cell DNA
laddering (Fig. 5B, lane 5) and the observation that the
MAC-T cells remained adherent and appeared normal (data
not shown). Although treatment of infected monolayers with
rifampin resulted in a fourfold reduction of surviving intracel-
lular bacteria, this number of bacteria is normally sufficient to
induce apoptosis in the absence of antibiotic (data not shown).
Also, lack of apoptosis was not due to an effect of rifampin on

FIG. 3. Growth phase-dependent invasion of MAC-T cells. An invasion assay
was performed by exposing MAC-T monolayers to exponential- or stationary-
phase S. aureus RN6390 cells for 2 h in culture medium with or without 5.0 mg
of rifampin per ml followed by an additional 3 h in culture medium containing
only gentamicin. Error bars represent the means 6 the standard errors of the
means.

FIG. 2. Persistence of S. aureus within MAC-T cells. MAC-T cells were
incubated in the presence of S. aureus RN6390 (MOI, 27), RN6911 (MOI, 13),
ALC136 (MOI, 15), and ALC135 (MOI, 18) for 2 h prior to the addition of
gentamicin and were then incubated in the presence of gentamicin for the times
indicated. Error bars represent the means 6 the standard errors of the means.
wt, wild type.
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the MAC-T cells, since these cells treated simultaneously with
S. aureus overnight culture supernatants and rifampin exhib-
ited characteristic DNA laddering (data not shown). These
data illustrate that the ability of intracellular S. aureus to in-
duce apoptosis in MAC-T cells requires that the bacteria are
metabolically active.

DISCUSSION

The data presented in this report extend the recent finding
that S. aureus internalizes within and induces apoptosis in
bovine mammary epithelial cells (2). Our previous investiga-
tion demonstrated that once S. aureus contacts the surface of
MAC-T cells, the bacteria are engulfed by the cell, escape from
the endosome, and possibly multiply within the cytoplasm.
During this process, the MAC-T cells undergo apoptosis.

The strains employed in this study behaved similarly in in-
vasion assays to the bovine mastitis isolate previously studied
(2), suggesting that RN6390 and its derivatives express the
factor(s) necessary for internalization by the MAC-T cells. The
results of invasion assays demonstrate that the accumulation of

the agr and sar mutant strains within MAC-T cells was repro-
ducibly greater than that with the parental strain. The in-
creased intracellular accumulation of the mutant strains could
be a result of two factors. First, decreased production of he-
molysins or other membrane-damaging cytotoxins by the inter-
nalized mutant strains could promote staphylococcal survival
because gentamicin cannot cross intact MAC-T cell mem-
branes. Second, the increased production of cell surface pro-
teins (e.g., fibronectin-binding protein) by the agr mutant (17)
could promote greater initial binding and subsequently greater
internalization by the cultured MAC-T cells.

High-affinity binding by cell wall-associated proteins is a
prerequisite for internalization of intracellular pathogens (13).
Our data are entirely consistent with a similar requirement by
S. aureus. The agr and/or sar mutants, which are known to
express increased levels of surface proteins (17), were inter-
nalized better than the wild-type strain. In addition, staphylo-
coccal cells displayed a highly significant growth phase depen-
dence on the ability to be internalized by MAC-T cells, with
3,600-fold more exponential cells internalized compared to
stationary-phase cells. It is well-established that the cell surface

FIG. 4. Effects of S. aureus strains on MAC-T cell morphology. MAC-T cell monolayers were either left untreated (A) or were incubated in the presence of S. aureus
RN6390 (wild type) (B), RN6911 (agr) (C), ALC135 (agr sar) (D), or ALC136 (sar) (E) for 2 h prior to the addition of gentamicin. Photomicrographs were taken at
22 h following the addition of gentamicin to uninfected and infected cultures.
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proteins of S. aureus are expressed maximally during the ex-
ponential phase of growth and are down-regulated as cells
enter stationary phase (17), thus providing an explanation
for these results. In fact, experiments to identify microbial
surface components recognizing adhesive matrix molecules
(MSCRAMMs [14]) crucial to internalization have been on-
going in our laboratory and have indicated that fibronectin-
binding protein plays a critical role in adherence of S. aureus to
MAC-T cells (unpublished data).

The relatively high levels of intracellular bacteria achieved in
monolayers infected with agr and sar mutants apparently were
not due to their replication inside the MAC-T cells; only
RN6390 appeared capable of intracellular growth. While the
number of viable bacteria increased from 4.6 3 105 to 7.6 3
105 after the first 10 h of infection with the wild-type cells, the
number of viable bacteria decreased during this time period
following infection with any of the regulatory mutant strains.
The requirements for intracellular growth are probably com-
plex. The fact that the Agr and Sar global regulators are re-
quired may suggest a need of the bacteria to sense the intra-
cellular environment. An alternative possibility is that agr
and/or sar-regulated products may be required to escape the
endosome and enter the cytoplasm, which presumably provides
an environment more conducive to growth of S. aureus. Studies
to compare the intracellular fates of the staphylococcal mu-
tants are ongoing in our laboratories.

Our data indicate that metabolically active intracellular S.
aureus strains are required for induction of apoptosis. The
addition of rifampin after the 2-h invasion period completely
inhibited the ability of the bacteria to induce detectable apo-
ptosis. These results are consistent with our hypothesis that a
secreted protein is involved in this process. Induction of apo-

ptosis in macrophages by secreted proteins has been docu-
mented for macrophages infected with Shigella flexneri or Yer-
sinia enterocolitica. IpaB, an invasin encoded by the Shigella
virulence plasmid, is required for the induction of apoptosis in
Shigella-infected macrophages (21). Similarly, the intracellular
secretion of YopP by Yersinia enterocolitica is necessary to elicit
apoptosis (11).

It is important to note that only the parental strain
(RN6390) induced both the morphological changes and DNA
laddering characteristic of apoptosis. Infection with RN6911
(agr) or ALC135 (agr sar) did not result in morphological
changes or DNA laddering in MAC-T cells. Although infection
with ALC136 (sar) did not induce apoptotic DNA laddering,
this mutant induced dramatic morphological changes com-
pared to the other mutant strains. Compared to cells infected
with RN6390, cells infected with ALC136 appeared larger and
with less densely mottled cell membranes, which are charac-
teristics more commonly observed in cells undergoing necrosis
(18). These morphological features were not attributed to ap-
optotic changes but were typical of cells exposed to cytolytic
agents. While ALC136 is deficient in many secreted products,
some exoproteins are still produced at various levels. For ex-
ample, this strain produces decreased but detectable levels of
b-toxin and increased levels of lipase (3). These, or possibly
other exoproteins might account for the abnormal epithelial
cell morphology induced by ALC136.

A model for the function of Agr-mediated quorum sensing
in staphylococcal disease has recently been proposed (17). In
that model, extracellular S. aureus cells differentially express
cell wall-associated factors and exoproteins as a function of the
extracellular concentrations of the AgrD octapeptide which
mediates expression of the agr operon. Low levels of octapep-
tide lead to the expression of cell wall-associated factors, while
high levels trigger a shift to the expression of exoproteins. S.
aureus cells that have recently entered a host express cell wall-
associated proteins, since the initial octapeptide concentration
is low. These bacteria resist host defense mechanisms (poten-
tially due to the production of surface factors such as protein
A) while being primed to bind tissue surfaces (due to the
production of matrix binding MSCRAMM surface proteins).
Once a focus of infection had been established, the bacteria
multiply and form a characteristic barrier (abscess) to provide
additional protection against host defenses. As the number and
concentration of bacteria increase within the abscess, the agrD-
encoded octapeptide reaches a threshold concentration that
promotes Agr and Sar expression and a shift to the expression
of tissue-damaging exoproteins with escape from the abscess
barrier. This then leads to a corresponding shift to a more
progressive and invasive infection.

Based on our results, we propose a modification of this
model to accommodate staphylococci in an intracellular niche.
According to our model (Fig. 6), upon entry into the host or
previously sterile body site, extracellular S. aureus cells are
likely to express cell surface-associated adherence factors
(such as fibronectin- or collagen-binding proteins) due to the
dilution of AgrD octapeptide in the surrounding fluids. The
bacteria are in a physical state that is optimal for binding to cell
surfaces and subsequent internalization. Upon internalization,
the bacteria become surrounded immediately by an endosomal
membrane (2, 5). Within the confined space of the endosome,
accumulation of octapeptide occurs rapidly and triggers ex-
pression of Agr and its up-regulated exoproteins. Some of
these exoproteins (particularly the hemolysins) could play a
role in escape from the endosome. We have shown that shortly
after internalization, S. aureus escapes from the endosome via
a process that results in lysis of the endosomal membrane (2).

FIG. 5. (A) Effects of agr and sar on the induction of apoptosis. DNA was
extracted from MAC-T cells infected with RN6390 (wild type [lane 3]), RN6911
(agr [lane 4]), ALC135 (agr sar [lane 5]), or ALC136 (sar [lane 6]). MAC-T cells
were exposed to bacteria for 2 h prior to the addition of gentamicin and then
incubated for an additional 22 h prior to the DNA extraction. Electrophoretic
separation of the DNA was performed with a 1.8% agarose gel. DNA in lane 2
was extracted from the uninfected control MAC-T cells treated with gentamicin
for 22 h. Lanes 1 and 7 contain a 100-bp DNA ladder. Data are derived from a
representative experiment repeated three times. (B) Agarose gel (1.8%) elec-
trophoretic separation of DNA extracted from MAC-T cells to demonstrate the
effect of inhibition of RNA transcription on apoptosis. Lanes 1 and 6, 100-bp
ladder; lane 2, uninfected control MAC-T cells treated with gentamicin for 22 h;
lane 3, uninfected control MAC-T cells treated with gentamicin and rifampin for
22 h; lane 4, MAC-T cells infected with S. aureus RN6390 for 2 h prior to the
addition of gentamicin and then incubated for an additional 22 h; lane 5, MAC-T
cells infected with S. aureus RN6390 for 2 h prior to the addition of gentamicin
and rifampin and then incubated for an additional 22 h.
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Outside the endosome, the octapeptide is immediately diluted
again, resulting in an Agr-mediated shift away from the expres-
sion of exoproteins and toward a physiological state that is more
adapted to promote survival and growth within the cytoplasm.

Once the bacteria have gained access to the cytoplasm, we
envision three possible outcomes that would have dramatically
different effects on pathogenesis (Fig. 6). These outcomes are
based on the different effects that were observed with the
MAC-T cells when infected by the S. aureus strains used in this
study and the results of Proctor et al. (16). The first pathway
(pathway I) would lead to the production of an Agr-regulated
factor that triggers the development of apoptosis. The resulting
apoptotic bodies are then engulfed by resident macrophages.
Engulfment of membrane-bound bacteria could provide a pro-
tective environment within the macrophage (analogously to
the Trojan horse), resulting in the inability to produce an
appropriate bactericidal response. Alternatively, metabolically
inactive small colony variants (SCVs) would be formed (path-
way II), causing little damage to the host cell and leading to a
more chronic and persistent disease (16). Finally, if the bacte-
ria accumulated to a high enough concentration in the cyto-
plasm, AgrD octapeptide levels could reach a concentration
sufficient to shift expression to exoproteins. Production of cy-
tolytic proteins (hemolysins) results in lysis of the host cell
(pathway III), possibly followed by spread of bacteria to adja-
cent cells, generation of an abscess, or perhaps a more pro-
gressive and invasive disease. Entry into this pathway depends
on the ability of S. aureus to replicate, allowing the accumula-
tion of enough octapeptide to shift gene expression back to the
exoproteins. According to our model, any inhibition of growth
in the cytoplasm reduces the accumulation of octapeptide and
delays lysis of the host cell. Thus, the commitment to advance
toward a more progressive infection, in contrast to a more
persistent and chronic infection (two conditions that are not
mutually exclusive), is made within the cytoplasm and could be
based on the immunological state of the host. Experiments

designed to test various aspects of this model are currently in
progress.
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FIG. 6. Model of Agr regulation during invasion. In an extracellular envi-
ronment, levels of agrD-encoded octapeptide (triangles) are low and S. aureus
(solid circles) expresses cell surface-associated adherence factors. Once internal-
ized, a rapid accumulation of octapeptide within the endosome causes a shift to
the expression of exoproteins. Some exoproteins could effect escape from the
endosome, resulting in the dilution of the octapeptide and a shift away from
expression of exoproteins. Once S. aureus resides in the cytoplasm of the host, we
envision three possible outcomes: (i) the induction of apoptosis, (ii) the forma-
tion of small colony variants (hatched circles), or (iii) lysis of the host cell.
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